We have compared the effects of isoflurane, propofol, ketamine and pentobarbital on parasympathetic reflex vasodilatation to investigate their involvement in GABA-mediated synaptic inhibition, enhancement of which is thought to underline the action of many anaesthetic agents. In cats anaesthetized with urethane-␣-chloralose, parasympathetic reflex vasodilatation in the ipsilateral lower lip was elicited by electrical stimulation of the central cut end of the lingual nerve. Isoflurane and pentobarbital both produced marked dose-dependent inhibition of this vasodilator response. In contrast, propofol and ketamine had no effect on parasympathetic reflex vasodilatation. Administration of a GABA antagonist (picrotoxin) reversed the inhibition produced by isoflurane (previous results) and pentobarbital (present study). Our results suggest that isoflurane and pentobarbitone inhibit parasympathetic reflex vasodilatation via a GABA-mediated mechanism, but that propofol and ketamine have no such effect. Our results with propofol cast doubt on its presumed mechanism of action as an anaesthetic. (Br.
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The precise mechanism by which many anaesthetic agents exert their action remains unknown, as does their site of action. [1] [2] [3] However, there is a considerable body of evidence to suggest that enhancement of GABA-mediated synaptic inhibition may be a common mode of action among anaesthetic agents. 1 4 5 In particular, barbiturates, [6] [7] [8] [9] [10] [11] [12] volatile anaesthetics (isoflurane, 1 11 13 14 halothane, 1 13 15 enflurane, 1 13 14 sevoflurane 16 ) and propofol have been reported to enhance the action of GABA within the central nervous system. [17] [18] [19] [20] Indeed, the main sites at which these anaesthetics act to induce anaesthesia are considered to be GABA receptors. In contrast, ketamine is an anaesthetic which is considered to have little effect on the action of GABA. 6 17 21 22 We have reported previously that at clinically used concentrations, isoflurane produced marked suppression of parasympathetic reflex vasodilatation in the orofacial area in cats anaesthetized with urethane-␣-chloralose. 23 Pretreatment with the GABA receptor antagonist picrotoxin significantly attenuated isoflurane-induced inhibition, suggesting that GABAergic neurones are activated by isoflurane and then inhibit parasympathetic neurones 23 within the central nervous system, possibly by a direct action at the brainstem level. This may suggest that inhalation anaesthetics act on the parasympathetic reflex pathway by a mechanism similar to that by which they induce anaesthesia. However, in our preliminary experiments with propofol, which is considered to exert its action via enhancement of GABA, we detected no inhibitory effect on parasympathetic reflex vasodilatation. These results question whether anaesthetics considered to enhance GABA within the central nervous system inhibit the parasympathetic reflex response also.
In this study, we have compared the effects of pentobarbital, propofol, isoflurane and ketamine on parasympathetic reflex vasodilatation and examined the involvement of GABA receptors in the modulation of this response.
Materials and methods
The studies were reviewed by the Committee on the Ethics of Animal Experiments, Tohoku University School of Medicine, and the study was carried out in accordance with the Guidelines for Animal Experiments issued by Tohoku University School of Medicine, and The Law (No. 105) and Notification (No. 6) of the Japanese Government. We studied 27 adult cats of both sexes, weighing 2.2-3.7 kg, sedated initially with ketamine 30 mg kg 91 i.m. and anaesthetized with a mixture of urethane 100 mg kg 91 i.v. and ␣-chloralose 50 mg kg 91 i.v., which was used to produce basal anaesthesia unless otherwise noted. In experiments to test the effect of urethane combined with ␣-chloralose on parasympathetic reflex vasodilatation, propofol 9 mg kg 91 h 91 was used as the basal anaesthetic. The effects of anaesthetics on parasympathetic reflex vasodilatation were tested 2-3 h after the initial sedation had been produced with ketamine. As the effects of ketamine are short-lasting (30-60 min after i.m. injection), the initial sedative dose should not have affected subsequent responses. Basal anaesthetics were supplemented when neces-sary throughout the experiment. In the anaesthetized animals, the trachea was intubated, and neuromuscular block was produced by pancuronium (Mioblock, Organon) 0.4 mg kg 91 i.v. initially, supplemented with 0.2 mg kg 91 h
91
. The lungs were ventilated artificially via the tracheal cannula using a mixture of 50% air-50% oxygen. End-tidal concentration of carbon dioxide and inspired and end-tidal concentrations of the inhalation anaesthetics were monitored continuously using an infrared analyser (Capnomac Ultima, Datex Co. Helsinki, Finland). The ventilator was set to maintain end-tidal concentration of carbon dioxide at 4.9 kPa. Systemic arterial pressure and heart rate were recorded directly from a femoral artery catheter connected to a Statham pressure transducer. Ringer's solution was infused continuously at a rate of approximately 8 ml h
. Rectal temperature was maintained at 37-38ЊC using a heating pad.
In all experiments, the vagus and sympathetic trunks in the neck were cut bilaterally before stimulation. This avoided involvement of the cervical sympathetics in any reflex effects, and ensured that only non-vagal parasympathetic effects were involved in the study.
To elicit parasympathetic reflex vasodilatation in the lower lip, the central cut end of the lingual nerve was stimulated electrically at a supramaximal intensity (30 V) with pulses of 2 ms duration at a frequency of 10 Hz for 20 s, as described previously. 24 Changes in ipsilateral lower lip blood flow were monitored using a laser Doppler flowmeter (LDF; Advance ALF21R, Tokyo, Japan) as described previously. 25 The probe was placed against the lower lip without exerting pressure on the tissues ( fig. 1) . LDF values obtained in this way represent blood flow in the superficial vessels in the tissue. Electrical calibration for zero blood flow was performed for all recordings. Several gains were selectable and the maximum output of a given gain level (defined electrically) was taken as 100%. The analogue output of the equipment does not give absolute values, but showed relative changes in blood flow (for technical details and evaluation of the LDF method, see Stern and colleagues 26 ). The output from the device was displayed continuously on an eight-channel chart recorder at a speed of 10 mm min
. Blood flow changes were assessed by measuring the height of the response.
The concentration of isoflurane was determined by analysing inspired and end-tidal samples of respiratory gases obtained from a nylon catheter positioned within the tracheal tube. Propofol was administered continuously as an i.v. infusion, whereas pentobarbital, ketamine, urethane-a-chloralose and picrotoxin were administered i.v. by bolus injection.
Each cat was killed at the end of the experiment by an overdose of sodium pentobarbital (approximately 150 mg).
The criteria for maintenance of an adequate depth of anaesthesia were persistence of miotic pupils and absence of reflex increase in heart rate and arterial pressure during stimulation of the central end of the lingual nerve. If depth of anaesthesia was considered inadequate, additional ␣-chloralose and urethane (i.e. intermittent doses of 5 and 10 mg kg 91 i.v., respectively) were administered. When an adequate depth of anaesthesia was attained, supplementary doses of pancuronium were given approximately every 60 min to maintain immobilization during periods of stimulation.
All numerical data are given as mean (SEM). The significance of changes in vasodilator responses was assessed using analysis of variance (ANOVA) and a contrast test. Differences were considered significant at P:0.05. Data were analysed using a Macintosh computer with StatView 4.5 and Super ANOVA. Figure 2 shows typical examples of the effects of propofol 9 mg kg 91 h 91 and 1.6% isoflurane on the Figure 4 shows the time course of the effect of pentobarbital on parasympathetic reflex vasodilatation and the effects of picrotoxin. The reductions produced by pentobarbital at 10, 20, 30 and 40 min after its administration were 84.8 (6.7) % (n:7, P:0.001), 79.7 (10.0) % (n:7, P:0.001), 78.1 (9.5) % (n:7, P:0.001) and 79.3 (17.5)% (n:3, P:0.001) of control, respectively. This inhibitory effect was greatly attenuated by picrotoxin; 10 min after administration of picrotoxin, the vasodilator response was significantly greater than that seen at the same time in its absence (P:0.05). The vasodilator response after picrotoxin was only 24.1 (8.9) % less than the control response recorded before injection of pentobarbital (n:4, P:0.05).
Results
The dose-related effects of propofol and isoflurane are shown in figure 5 . In each case, the parasympathetic reflex vasodilator response was measured after 30 min of infusion. Although isoflurane produced dose-dependent inhibition (0.4 %, 0.8 % and 1.6 % isoflurane produced reductions of 12.5 (1.6) % (n:5, ns), 49.7 (8.7)% (n:5, P:0.001) and 66.1 (5.2) % (n:5, P:0.001), respectively), propofol had little or no effect on parasympathetic reflex vasodilatation at any dose (2.25, 4.5 and 9 mg kg 91 h 91 produced reductions of 7.0 (1.6) % (n:5, ns), 7.5 (4.0) %, (n:5, ns) and 4.0 (1.7) % (n:7, ns), respectively). Figure 6 shows the time-related effect on parasympathetic reflex vasodilatation of urethane 100 mg kg 91 with ␣-chloralose 50 mg kg
91
, which we used to produce basal anaesthesia throughout the experiments.
In the experiments illustrated in figure 6, propofol 
mg kg
91 h 91 was used to produce basal anaesthesia. There were no significant differences between the control response (or back control) and responses evoked in the 30-120 min after administration of urethane-a-chloralose.
Discussion
We have shown that parasympathetic reflex vasodilatation in the lower lip of the cat was suppressed by both pentobarbital and isoflurane (but not by propofol or ketamine), and that pentobarbital-induced suppression was largely reversed by picrotoxin, a GABA A antagonist. We have postulated previously on the existence of tonically active GABA-mediated inhibition of this parasympathetic reflex system, on the basis that i.v. administration of a GABA antagonist such as bicuculline elicits a parasympathetically mediated response similar to the reflex response. 27 Furthermore, we have reported recently 23 that inhalation anaesthetics such as isoflurane, sevoflurane and halothane (each at 1 MAC) markedly inhibited parasympathetic reflex vasodilation in the lower lip and palate that was elicited by electrical stimulation of the central cut end of the lingual nerve in vaso-sympathectomized cats anaesthetized with urethane-␣-chloralose, and that prior administration of picrotoxin, a GABA antagonist, reversed this inhibitory effect of isoflurane. These results suggest that inhalation anaesthetics produce inhibition of parasympathetic reflex responses via activation of GABA receptors or increase in GABA, or both ( fig.  1 ). As the inhibitory action of isoflurane was unaffected by decerebration, it is apparently exerted within the brainstem. 23 These results led us to speculate that any agents that enhance the effect of GABA, such as inhalation anaesthetics, would inhibit parasympathetic reflex vasodilatation in the cat.
Our finding that administration of picrotoxin reversed the inhibition of parasympathetic reflex vasodilatation produced by pentobarbital ( fig. 4 ) is in agreement with our previous results using isoflurane. 23 It is well known that the rostal gustatory zone of the nucleus of the solitary tract (NST) of the rat and the caudal visceroceptive NST contain both GABA and the principle enzyme involved in the degradation of GABA, GABA transaminase. 28 Further, the preganglionic parasympathetic cell bodies of the superior and inferior salivatory nuclei receive direct projection from the NST, in addition to one from the parabrachial nucleus. [29] [30] [31] Our data are consistent with the idea that both isoflurane and pentobarbital activate GABA receptors (and/or increase GABA release) within the NST, and that this leads to inhibition of parasympathetic reflex vasodilatation ( fig. 1) . However, at present this idea is speculative.
Ketamine is thought to inhibit N-methyl-D-aspartate (NMDA) receptors and have little effect on GABA receptors within the central nervous system. 6 17 21 22 Our data ( fig. 3) showed that administration of ketamine had no effect on parasympathetic reflex vasodilatation, suggesting that NMDA has no influence on this type of reflex vasodilatation.
Propofol has been used widely in clinical practice, and also in experimental studies both in vivo 17 19 and in vitro. [18] [19] [20] It has been reported to enhance the action of GABA within the central nervous system, for example in the cerebral cortex, 18 19 hippocampus 20 and spinal dorsal horn. 17 However, no inhibitory effect of propofol on parasympathetic reflex vasodilator response was observed in our cats anaesthetized with urethane-␣-chloralose ( fig. 2) . These results question whether GABA-enhancing anaesthetics necessarily produce inhibition of parasympathetic reflex vasodilatation. Nevertheless, except in the case of propofol, there seemed to be a close relationship between supposed GABA-enhancing effect and inhibition of parasympathetic reflex vasodilatation. Interestingly, there is evidence of differential effects among anaesthetics, in that propofol has been reported to bind to GABA receptors other than those affected by pentobarbital and isoflurane. 18 There are at least two explanations for the inability of propofol to inhibit parasympathetic reflex vasodilatation: (i) propofol has no ability to enhance the action of GABA within the brainstem, even though it has such an ability in other parts of the CNS (see above) or (ii) propofol cannot produce a further reduction in the parasympathetic reflex vasodilator response recorded under basal urethane-␣-chloralose anaesthesia because urethane-␣-chloralose had already inhibited the relevant GABA receptors. The first possibility seems unlikely as it requires propofol to enhance the action of GABA at several sites within the brain and spinal cord, [17] [18] [19] [20] but not within the brainstem pathway mediating parasympathetic reflex vasodilatation. However, we cannot completely exclude this possibility. The second possibility (that urethane-␣-chloralose strongly inhibits the relevant GABA receptors) seems unlikely because urethane has minimal effects on circulatory dynamics, and ␣-chloralose has comparatively few depressant effects on central nervous structures. 32 33 Moreover, our experiments showed that urethane-␣-chloralose had no effect on parasympathetic reflex vasodilatation when propofol was used as the basal anaesthetic ( fig. 6 ).
Propofol has been reported to decrease sympathetic activity more than parasympathetic activity, and to produce bradyarrhythmia, including asystole. [34] [35] [36] [37] [38] Our findings that propofol had no effect on reflex activation of the parasympathetic supply to blood vessels is consistent with the idea that parasympathetic activity as a whole is better preserved under propofol. If so, preservation of efferent vagal actions on the heart could help explain the bradyarrhythmia seen with propofol. However, this idea is speculative.
In summary, the results of this and previous studies have demonstrated that anaesthetics such as pentobarbital and isoflurane exert an inhibitory effect on parasympathetic reflex vasodilatation in the lower lip of the cat via activation of GABA receptors, or increased release of GABA, or both, while propofol and ketamine have no such effects. Our results with pentobarbital, isoflurane and ketamine are consistent with the current idea that these agents exert their anaesthetic actions by enhancing the effects of GABA (pentobarbital and isoflurane) or by inhibiting NMDA receptors (ketamine). The lack of effect of propofol in this study casts doubt on the idea that its anaesthetic action is exerted by enhancement of the actions of GABA. However, this requires further study.
